Spray drying is a mild and cost-effective convective drying method. It can be applied to stabilise heat sensitive ingredients, such as enzymes and probiotic bacteria, albeit in industrial practice for example freeze drying or freezing are often preferred. The reason is that optimum drying conditions and tailored matrix formulations are required to avoid severe heat damage leading to loss in enzyme activity or reduced survival of bacteria. An overview is provided on the use of protective carbohydrate-rich formulations in the spray drying of enzymes and probiotics. Subsequently, single droplet drying experimentation methods are reviewed for mapping drying trajectories of individual droplets. The advantage of these is to provide insight in inactivation kinetics of enzymes and probiotics and thus contribute to unravelling of stabilisation mechanisms. Finally, it is shown that detailed modelling of single droplet drying and insight in micro-structural changes during drying can be complementary to the experimental single droplet approaches.
Introduction
Many foods and food ingredients are dried in powdered form to provide shelf-life and retain activity of specific bioactive components. Amongst the convective air drying methods, spray drying is a mild technique due to its very short drying times and the relatively low temperatures to which the product is exposed (Kieviet & Kerkhof, 1995; Mazza, Brandão, & Wildhagen, 2003) . However, compared to freeze or vacuum drying, the spray drying process is more prone to damaging heat sensitive components such as enzymes and probiotic bacteria. Because spray drying is much more cost effective as it can process larger volumes and operate at higher energy efficiency, many studies have been involved with optimising spray drying and product formulations towards minimal activity losses (Knorr, 1998) . Although many successes have been reported, in practice optimisation results, especially from pilot-scale experiments, have been difficult to translate into general optimisation rules (Thybo, Hovgaard, Lindeløv, Brask, & Andersen, 2008) . In this paper we make an appraisal for dedicated single droplet drying procedures and predictive models that can map drying behaviour and inactivation kinetics of enzyme and probiotic bacteria at the droplet level. For this we describe the state of the art of optimisation for spray drying as well as the most common stabilisation approach for enzymes and probiotics, i.e. using carbohydrates. Then, several single droplet drying procedures are discussed, followed by the most common approaches to model drying of sugar-containing single droplets. The coupling between drying and micro-structural properties is illustrated by projecting the drying history of single droplets on phase or state diagrams of specific solutes. Finally, some specific challenges are discussed to further develop single droplet studies into a practical tool for optimisation of spray-dried formulations.
Optimal spray drying of enzymes and probiotics
The drying conditions should be such that enzyme activity or survival of probiotic bacteria are retained as much as possible. Decreasing outlet temperatures and lower residence times are found to increase retention of enzyme activity and probiotic viability (Silva, Freixo, Gibbs, & Teixeira, 2011) . Too low outlet temperatures may result in higher residual moisture contents, especially leading to loss of probiotic viability during subsequent storage of the powder. Increasing residence times can be detrimental to bioactive components; residence times in industrial dryers can increase, especially when following steps, such as fluidised bed drying, are included as well. Other drying parameters of influence are the specific spray dryer configuration, such as nozzle type, positioning of air flow and injection of feed, and chamber design (Santivarangkna, Kulozik, & Foerst, 2007) . For example, it is found that viability of spores of Bacillus thuringiensis slightly decreases with increasing nozzle pressure (Zhou, Dong, Gao, & Yu, 2008) . At the scale of the droplet one can distinguish two distinct drying phases, i.e. the constant and falling rate periods. In the first phase the droplet is at the wet bulb temperature, whereas in the second phase the temperature increases and a moisture gradient develops across the droplet radius. It is reported that probiotic bacteria are very sensitive to the rapid changes that occur during the drying process, whereas the inactivation kinetics of the enzyme b-galactosidase was found not rate dependent Perdana, Fox, Schutyser, & Boom, 2012b) . Further it is observed that during the first phase inactivation of bacteria is mainly due to dehydration effects, whereas during the second phase it is due to a combination of thermal and dehydration effects Lievense, Verbeek, Van 't Riet, & Noomen, 1994) . Most enzyme inactivation takes place during the falling rate period due to elevated temperatures (Sloth et al., 2009) .
Formulation can be adapted to increase stability of enzymes and probiotic bacteria during drying and subsequent storage. The most successful formulation for enzymes is concerned with the addition of carbohydrates, specifically sugars, maltodextrins, and polyols (Yamamoto & Sano, 1992) . Carbohydrates contribute to the formation of glassy, amorphous powders. Two different mechanisms have been described explaining the improved stability of enzymes in the presence of carbohydrates during drying, viz. a thermodynamic mechanism involving hydrogen-bond formation affecting the equilibrium between native and unfolding state and kinetic stabilisation due to immobilisation of the enzyme in a glassy solid. To avoid excessive inactivation during drying and storage, it is desirable to use formulations with high glass transition temperature and store the formulations well below their T g . In Table A1 in the Appendix an overview is given of anhydrous T g for various carrier materials. It should be realised that in the presence of residual moisture content the T g during for example storage is lower. Similar to enzymes, addition of carbohydrates is widely applied for probiotic bacteria, although in most cases in combination with other carriers, such as (reconstituted) skim milk. Two similar stabilisation mechanisms are described for probiotics, i.e. glass formation and stabilisation of the phospholipid cell membrane by hydrogenbond formation, which effectuates a depression of the membrane phase transition temperature, i.e. the temperature at which the bilayer changes from the crystalline phase into the gel phase (Santivarangkna, Higl, & Foerst, 2008) . During storage, sugars are reported to be effective protectants against oxidation damage, e.g. by scavenging free radicals (Meng, Stanton, Fitzgerald, Daly, & Ross, 2008) . For stability during storage it is further required to maintain a constant and low final water content as an increase in water content may enhance the risk for glass/rubber transition with as a consequence loss of viability (Chavez & Ledeboer, 2007) . Finally, storage under low temperatures is preferred as survival is inversely related to storage temperature (Wang, Yu, & Chou, 2004) .
In Table 1 the survival and residual activity of two probiotic bacteria and two enzymes are shown under various drying and storage conditions and using different carrier formulations. Survival of Bifidobacterium lactis BBD2 appears correlated with T g for some components used. Higher survival percentages For Bifidobacterium longum B6 dried with skimmed milk were explained by small cracks at the surface of the particles enhancing heat and moisture transfer (Lian, Hsiao, & Chou, 2002) . It was explained that residual activity for b-galactosidase increased inversely with molecular weight, which is correlated to available stabilising hydroxyl groups (Yamamoto & Sano, 1992) . Residual activities of 0% and 8.3% were found after drying and after storing lipase in aqueous solution without additives, respectively, compared to the survival percentages shown in Table 1 (Costa- Silva, Nogueira, Souza, Oliveira, & Said, 2011) . Overall, high T g of carrier materials is desired for stabilisation, but other factors need to be considered.
The application of a specific pre-treatment can enhance retention of probiotic stability during subsequent drying (Meng et al., 2008) . For example, it is found that by exposing bacteria to sub-lethal stress conditions (e.g. heat shock) prior to spray drying, survival percentages are increased (Van de Guchte et al., 2002; Whitaker & Batt, 1991) . Further, susceptibility of bacteria towards inactivation during drying is affected by the growth phase at which bacteria are harvested prior to drying (Peighambardoust, Tafti, & Hesari, 2011) .
Establishing the optimum drying conditions, formulation, and pre-treatment is not straight forward. It is common practice to choose several formulations. Subsequently, pilot-scale drying experiments are carried out with varying inlet and outlet air temperatures to maximise capacity in combination with low activity losses. From cost perspective, only a limited set of variations in formulation is evaluated. Moreover, it appears difficult to translate optimum drying conditions determined with pilot-scale experiments to optimal industrial drying conditions (Thybo et al., 2008) . An important difference between small scale and industrial spray dryers is the shorter residence time for smallscale dryers (typically 1e4 s versus 20e40 s for industrial dryers), which is correlated to the smaller height of its chamber (Filkov a, Huang, & Mujumdar, 2006; Fu et al., 2011) . This is compensated for by reducing the droplet size, which again reduces the drying time (Goula & Adamopoulos, 2004) . To produce these small (d p ¼ 1e25 mm) droplets a different atomisation principle is applied, viz. two fluid nozzle atomisation, whereas industrial spray dryers use either pressure nozzle or rotary disc atomisation (d p ¼ 80e400 mm) (Filkov a et al., 2006; Fyfe, Kravchuk, Nguyen, Deeth, & Bhandari, 2011) . It is obvious that the differences in droplet size and drying time have significant effect on the temperature and moisture content history of particles, which will again influence the inactivation of enzymes and probiotic bacteria. Despite these differences, powders being produced with small-scale spray dryers typically exhibit vacuole formation, fat migration, and degradation reactions similar to industrially spraydried products (Kim, Chen, & Pearce, 2009; Nijdam & Langrish, 2005; Walton, 2000) .
Single droplet experimentation approaches can provide insight in the fate of well-defined individual drying droplets and the related inactivation processes (Adhikari, Howes, Bhandari, & Truong, 2000) . A boundary condition is that single droplet drying experiments are carried out under representative conditions for spray drying. Subsequently, these can be used to assess inactivation kinetics of enzymes and probiotics during spray drying (Adhikari et al., 2000; Li, Lin, Chen, Chen, & Pearce, 2006; Perdana et al., 2012b; Yamamoto & Sano, 1992) . The focus from this point forward is thus on single droplet drying and using this technique to evaluate inactivation of enzymes and bacteria in carbohydrate matrices under representative conditions.
Single droplet drying methods
Different single droplet drying methodologies exist, viz., levitation methods and free flight drying methods (Adhikari et al., 2000) . The first method requires immobilisation of single droplets through noncontact levitation (acoustic or aerodynamic) or through contact levitation (droplet pending on a glass filament or deposited on a flat surface). The second method involves the generation of a uniform stream of droplets, which are subsequently dried in a tall drying chamber during free fall.
A dispensing or droplet generation method is required for single droplet drying experiments. This can be for example a micro syringe or a pneumatic needle dispenser. The pneumatic method can be used to dispense droplets down to approximately 150 mm in diameter (Chen, 2009; Perdana, Fox, Schutyser, & Boom, 2011) . Drying of a stream of uniform droplets requires a continuous droplet generation method, for example piezo-electric atomisation. The principle of this method relies on the movement of a piezo-electric element creating a pressure wave. Patel and Chen (2007) reported production of powder particles using piezo-electric atomisation with an average diameter as low as 13 mm. Other continuous methods are for example electrostatic droplet generation or pulsed orifice atomisation. (Chavez & Ledeboer, 2007) . b T g at 0% moisture content; data taken from Table A1 .
During noncontact levitation methods, a single droplet is freely suspended in the air (Adhikari et al., 2000) . To achieve this, gravitation needs to be counterbalanced by an external force such as an acoustic or aerodynamic force. The suspended drop can be as small as 100 mm. Using these noncontact levitation methods, the droplet evolution during drying can be visually monitored and the residence time can be varied easily (Sloth et al., 2006) . Some limitations in the levitation methods are for example in the case of acoustic levitation, the acoustic field, being a sequence of sharp fluctuations in air pressure, alters the heat and mass transfer rate in the droplet. It is reported that the heat and mass transfer coefficients are larger than that with free falling droplet, as predicted with the RanzeMarshal correlation (Ali Al Zaitone & Tropea, 2011; Yarin, Brenn, Kastner, Rensink, & Tropea, 1999) . It is also important to understand the influence of the levitation streaming on the inactivation of heat sensitive products. For example acoustic streaming may influence the inactivation rate of micro-organisms (Dijkstra et al., 2011) . Another practical challenge is the difficulty to accurately control the levitation of droplets.
The alternative is contact suspension, e.g. a droplet pending on a fine glass filament or thermocouple, or the deposition of the droplet on a hydrophobic flat plate (Perdana et al., 2011; Yamamoto & Sano, 1992) . By connecting a mass balance to the filament, the mass of an individual droplet can be monitored during the drying. Additionally, a camera may be used to monitor the changing droplet morphology. The presence of the glass filament or surface to levitate the droplets leads to some unwanted effects, e.g. some additional heat transfer. Despite these unwanted effects the experimental set-up using a glass filament is practical and therefore preferred by the majority of the researchers (Adhikari et al., 2000) . This method was even further improved by rotating droplets at the tip of a glass filament (Hassan & Mumford, 1993) . Rotation of the droplet mimics the relative motion of droplets to the drying air and spin due to momentum transfer during spray drying. The drying of droplets on a hydrophobic surface has the advantage that very small (down to 150 mm) droplets can be deposited and that multiple droplets may be dried simultaneously, which facilitates a high throughput process. In Fig. 1 , such a drying droplet drying on a hydrophobic surface is visualised at three time intervals. It is found that the conductive heat transfer via the surface is less than 5% compared to the convective heat transfer via the drying air and may thus be neglected (Perdana et al., 2012b) . A disadvantage of this method is that the presence of the surface influences the air temperature and flow pattern of the drying air near the droplet, which reduces the drying rate.
Drying of a stream of uniform droplets can be carried out in a column dryer (Meerdink, 1993; Zbici nski & Piątkowski, 2004) . The droplets are generated at the top of the column. Because of gravitational force, the droplets fall freely through the column and are dried through contact with the preconditioned air. During drying droplets fall under their terminal droplet velocity, which is approximately 1 m/s for a droplet with a diameter of 200 mm (Meyer, 2004) . The advantages of this method are that it mimics quite well what happens to a drop during spray drying and relative large amount of sample material can be collected. An important disadvantage is that a tall column (30 m) would be needed to mimic typical residence times in spray dryers. The use of shorter columns (e.g. 6 m) does not provide enough time to simulate the complete drying of droplets. Other disadvantages are that it is not possible to monitor mass and temperature changes of individual droplets during drying (Adhikari et al., 2000) , and that the typical gradient in temperature and humidity of the surrounding air in time, cannot be simulated.
All three different drying methods have their pros and cons. It may be concluded that single droplet drying methods with contact levitation are most practical. The glass filament method would be preferred for studying the drying of a single droplet, whereas the deposited droplet method offers opportunities for drying multiple droplets simultaneously. These methods can be applied to systematically study the influence of different drying parameters, viz. residence time, droplet size, and drying air temperature. Moreover, different product formulations and their impact on residual enzyme or microbial activity can be investigated if a high throughput approach is feasible.
Modelling the drying of single droplets
Modelling the drying of single droplets supports the interpretation of results from the experiments and the translation of these to the actual spray drying process (Adhikari et al., 2000) . It is nearly impossible to measure the temperature and moisture profiles within such a small droplet over time, although several researchers have put a small temperature couple inside a droplet or even used an infrared camera to monitor the droplet surface temperature during drying (Fabien, Antoni, & Sefiane, 2011; Wulsten & Lee, 2008) . Several approaches exist for the modelling of the drying of a droplet containing dissolved solids (Mezhericher, Levy, & Borde, 2010; Patel & Chen, 2008) . The most common approach assumes that there is no temperature gradient inside the drying droplet, although a small gradient usually develops during the first milliseconds of industrial spray drying (<2.3 C) (Patel & Chen, 2008 ). An effective moisture diffusion coefficient is considered and Fick's law is applied to solve the spatial moisture distribution in the droplet. This modelling approach is frequently referred to as the effective diffusion model. The convective heat and mass transfer coefficients at the droplet surface are described with standard correlations (Ranz & Marshall, 1952) . The effective moisture diffusivity is generally temperature and moisture content dependent (Labuza, Kaanane, & Chen, 1985; van der Sman & Meinders, 2011; Wang & Brennan, 1991; Yamamoto, 2001) . This dependency should be validated with experimental data from controlled drying experiments under different conditions. Mostly used are thin film drying experiments during which the mass of the film is gravimetrically followed (Anandharamakrishnan, Rielly, & Stapley, 2007) . Usually, the diffusion coefficient is a continuous function of the moisture content and thus does not explicitly include a glass transition.
However, when drying amorphous products, glass transition in the outer layers will lead to the formation of a solid skin at the surface, avoiding further shrinkage. Using an effective diffusion modelling approach leads to under prediction of the droplet diameter after this. To describe morphologic changes at this point the effective diffusion modelling approach has been extended to a receding interface or shrinking core model. This modelling approach is particularly applied to sugar-rich solute matrices (Adhikari et al., 2000; Werner, Edmonds, Jones, Bronlund, & Paterson, 2008) . The crust effectively separates the air and the liquid phase in the centre of the droplet. After the crust formation, evaporation is assumed to take place at the solutioneskin interface instead of the surface of the particle; the evaporation front recedes to the centre of the particle during further drying. The crust is considered to be a porous layer through which water vapour diffuses and its total volume is assumed to remain constant. The moment at which the crust forms should be defined, i.e. usually by reaching a critical saturation moisture content (Perdana et al., 2012b) . Recently, a critical temperature difference or (TÀT g ) crit was defined for this point, which would be indicative for the mechanical stresses that develop during skin formation (Werner et al., 2008) . This temperature difference is related to the stickiness point. The stickiness point of a powder can be determined by assessment of its flowability at increasing temperature and specific relative humidity. Following, two different morphologies have been modelled, i.e. a 'dense skin-porous crumb' or 'collapsed shell' (Adhikari et al., 2000; Werner et al., 2008) . The receding model is handled mathematically within the diffusion model, where the radii of the numerical shells of the crust are fixed or are assumed to decrease depending on the morphology studied, i.e. 'dense skin-porous crumb' or 'collapsed shell'. The vapour diffusivity through the porous crust is calculated from the vapour diffusivity in air and the effective water diffusivity in the solute matrix. The experimental validation of such a modelling approach remains a challenge as Werner et al. (2008) did not provide experimental data for comparison. Despite this, an interesting aspect of their approach is that the glass transition is included in the modelling of the single droplet drying. As the glass transition is related to molecular mobility phenomena this may again offer opportunities to more explicitly consider structural transitions related to degradation reactions of bioactive components.
The loss of active enzyme or viable bacteria during drying is conventionally modelled by first order kinetics. The inactivation kinetics for a specific componentematrix combination can depend on temperature and moisture contents during drying, but also on the drying rates . Especially for probiotic bacteria it is suggested that the drying rate and rate of temperature change have influence on the inactivation process, which was explained as the imposition of stress on the bacteria (Li et al., 2006) . Conventionally, Arrhenius type of equations are used (Yamamoto & Sano, 1992) . Model parameters for inactivation kinetics are mostly obtained from constant heating experiments at different moisture contents (Liou, 1982; Meerdink, 1993; Perdana et al., 2012a) . In such a steady-state approach, the potential influence of dehydration rate and rapid changes in temperature on activity loss are not included. It should be realised that the experimental time scale during the heating experiments is also much larger than during the actual drying process. This has again its effect on kinetic changes (e.g. glass transition, crystallisation) and on the magnitude of the inactivation rate, which is much lower during heating compared to drying. Single droplet drying experiments can thus be of value for establishing inactivation kinetics that have more predictive value (Perdana et al., 2012b) . In Fig. 2 , a schematic overview is given on how drying kinetics and inactivation kinetics of enzymes or probiotics are connected to provide model predictions on residual activity during the drying of a droplet.
Mapping the drying and inactivation history of single droplets
In Fig. 3 , the temperature and moisture values history of an individual droplet of a maltodextrin (DE4-7) suspension during spray drying is plotted in the state diagrams of maltodextrin DE10 and whole milk, respectively. State diagrams are used to a.o. visualise glass transition as a function of temperature and moisture contents (Cuq, Abecassis, & Guilbert, 2003; Rahman, 2006; van der Sman & Meinders, 2011) . The drying trajectories were calculated using an effective diffusion modelling approach assuming the drying of a droplet as described in our earlier work (Perdana et al., 2012b) . Further, it is noted that the state diagram values (e.g. the glass transition curve) are dependent on the applied heating or cooling rates (normally approximately 20 K/min) during laboratory DSC measurements. One should thus be careful in interpreting this graph quantitatively; however a general notion can be obtained of the different states involved in the drying process, such as rubbery and glassy amorphous states. Additionally, the droplet drying history will deviate for whole milk as the physical properties of milk are different.
From the two plots it can be observed how the particle drying history intersects with the different states of the solute specific state diagrams. The surface and centre of the particle undergo different physical changes. In principle, for spray drying it is desired that the product surface quickly enters the glassy state to prevent a particle from sticking to the wall (Roos, 2002) . Furthermore, the state diagrams provide insight into possible routes for stabilisation. The physical changes during the drying correspond to different physical properties, e.g. molecular mobility of the solute matrix. The latter is again coupled to different rates of inactivation. To quantify the drying history and inactivation of different matrices, relations should be available for the effective water diffusion coefficient, equilibrium moisture content, and inactivation kinetics as a function of temperature and moisture content. Unfortunately, these correlations are not widely available for any ingredient.
In Fig. 4 , the same droplet drying history as in Fig. 3 is combined with a contour plot for the inactivation rate constant of b-galactosidase in maltodextrin as a function of temperature and moisture content (Perdana et al., 2012a) . (2) Inactivation kinetics k(r)
(3) Residual Enzyme activity A(r) Fig. 2 . Schematic overview of the modelling of the combined drying kinetics and the inactivation of enzymes or probiotics for a single droplet. Scheme adopted from Meerdink and Van 't Riet (1995) . Fig. 3 . Left: The state diagram of whole milk, adopted from Vuataz (2002) . Right: The state diagram of maltodextrin DE10, partially adopted from van der Sman and Meinders (2011) and Roos and Karel (1991) . The model-predicted drying history of a free flying droplet is projected on both state diagrams. Different drying histories are shown representing 14 radial layers of the particle between the centre of the particle and the surface. The applied drying conditions consisted of an inlet air temperature of 180 C, an outlet air temperature of 78 C, an initial droplet diameter of 20 mm, an initial droplet temperature of 50 C, an initial solids content of 20 w/w%, and a residence time of 60 s. Figs. 3 and 4 , it can be concluded that the glassy state is connected to lower inactivation rates of b-galactosidase, whereas the critical drying region (with a k > 0.01 s À1 ) coincides with the rubbery phase. At the end of the drying process, the product is actually cooled down to approximately 25 C in e.g. a fluidised bed. The cooling also contributes to a more even distribution of the water content in the powder particle. This process is not shown in Figs. 3 or 4 . Depending on the water content and the final storage conditions the particle may become a glassy powder (T storage < T g ) or not (T storage > T g ). The latter may be expected especially at high moisture content in combination with low T g , e.g. for the dried milk droplet in Fig. 3 . When storing this milk particle above T g , this may lead to undesirable crystallisation of lactose, resulting in poor solubility. If it is desired that the dried milk particle is a glassy powder with the absence of lactose crystals, the drying conditions should be adapted (e.g. higher air temperatures or extended drying time). From Fig. 4 , the spatial differences in inactivation within the particle can be observed. It is clear that b-galactosidase present in the centre of the droplet is prone to the highest inactivation rates and will have the lowest residual activity. This might suggest that exploration drying of enzymes in a droplet that forms a hollow sphere upon drying, would be interesting (Etzel, Suen, Halverson, & Budijono, 1996) , or that enzymes may be applied as a coating of a concentrated enzyme solution, sprayed on pre-dried primary particles.
By comparing

Scientific challenges
Fundamental insight in structural changes during drying is complementary to single droplet drying studies and can provide better understanding on drying behaviour and stabilisation mechanisms of enzymes and probiotics during drying and storage. That being said, it should be realised that in practice there is not always a good correlation between state changes and stability of components (Chang & Pikal, 2009; . As long as the stabilisation mechanisms are not fully understood, the formulation development for spray-dried powders remains mostly empirical and use of experimental screening methodologies is a must. This leads to the formulation of several scientific challenges:
1. Representative single droplet drying procedures should be developed, which mimic the actual drying conditions during spray drying. Following, the method could also be used to evaluate the influence of different storage conditions, e.g. temperature, low oxygen environment, and moisture content, on activity loss. Automation of single droplet drying and storage experiments could allow quick screening of stable product formulations (Perdana et al., 2012b) . The latter is of interest to explore the large number of variations in drying and storage conditions in combination with specific formulations in a systematic and fast way. 2. Single droplet modelling approaches should include state structural changes, e.g. crust formation. The finding that a critical temperature difference (TÀT g ) can be taken as the onset of crust formation could be a starting point for further development of the receding model (Werner et al., 2008) . A prerequisite for the development of such more complex models is the availability of accurate experimental data for validation. 3. Analytical techniques should be developed for measuring drying kinetics and activity loss during drying of Fig. 4 . Left: The drying history of the drying droplet for 14 radial layers plotted onto a contour plot of the inactivation rate constant (s À1 ) of b-galactosidase as a function of temperature and solids content. Right: The decrease of enzyme activity during drying for the different sublayers, of which the lowest are the layers near the centre and the highest near the surface. The critical region in which the inactivation is most rapid is schematically indicated with a circle.
small single droplets. When drying a droplet with an initial diameter of 200 mm and 40% solids content, only 2 mg of sample remains. Even a simple analysis such as a dry weight analysis may thus become problematic. Because of the lack of such methods most researchers use mostly larger single droplets (up to 500 mme2 mm in diameter). The assessment of activity is usually possible for a small sample volume, but requires more tedious experimentation, e.g. plating or enzyme activity assays. 4. The structural state changes could be described as a function of the specific properties of the solute. An example is the work of van der Sman and Meinders (2011), in which the state diagram of starch water mixtures was predicted using the FloryeHuggins free volume theory. Their modelling approach can be used to predict and construct state diagrams, avoiding tedious experimentation.
Conclusions
The spray drying of heat sensitive products can be accelerated if a more systematic analysis is made of varying product formulations in relation to their effect on the active component and well-defined drying and storage conditions. This can be realised by single droplet drying procedures combined with predictive models that can map drying behaviour and inactivation kinetics of components at the particle level. It is emphasised that single droplet drying experiments are not an alternative to pilot-scale drying experiments, but a valuable addition. Single droplet procedures should be complemented with increased fundamental insight on stabilisation mechanisms and phase transitions during drying and storage. Specific scientific challenges include amongst others the development of single droplet drying approaches that allow the screening of various drying and storage conditions and formulations in a high throughput manner.
